Semiconductor qubits rely on the control of charge and spin degrees of freedom of electrons or holes confined in quantum dots (QDs). They constitute a promising approach to quantum information processing [1, 2] , complementary to superconducting qubits [3] . Typically, semiconductor qubit-qubit coupling is short range [1, 2, 4, 5] , effectively limiting qubit distance to the spatial extent of the wavefunction of the confined particle, which represents a significant constraint towards scaling to reach dense 1D or 2D arrays of QD qubits. Following the success of circuit quantum electrodynamics [6] , the strong coupling regime between the charge [7, 8] and spin [9] [10] [11] degrees of freedom of electrons confined in semiconducting QDs interacting with individual photons stored in a microwave resonator has recently been achieved. In this letter, we demonstrate coherent coupling between a superconducting transmon qubit and a semiconductor double quantum dot (DQD) charge qubit mediated by virtual microwave photon excitations in a tunable high-impedance SQUID array resonator acting as a quantum bus [12] [13] [14] . The transmon-charge qubit coherent coupling rate (∼ 21 MHz) exceeds the linewidth of both the transmon (∼ 0.8 MHz) and the DQD charge (∼ 3 MHz) qubit. By tuning the qubits into resonance for a controlled amount of time, we observe coherent oscillations between the constituents of this hybrid quantum system. These results enable a new class of experiments exploring the use of the two-qubit interactions mediated by microwave photons to create entangled states between semiconductor and superconducting qubits. The methods and techniques presented here are transferable to QD devices based on other material systems and can be beneficial for spin-based hybrid systems.
gate voltages [22] and by fermionic cavities [23] . An alternative approach which allows for long-range qubit-qubit interaction, inspired by superconducting circuit quantum electrodynamics (QED) and recently explored also for semiconductor QDs [24] [25] [26] , is to use microwave photons confined in superconducting resonators to mediate coupling between distant qubits. In this approach, the microwave resonator not only acts as a quantum bus, but also allows for quantum nondemolition qubit readout [12] [13] [14] .
With the well established strong coupling of superconducting qubits to microwave resonators [6] and the recently achieved strong coupling to charge states in semiconductor double dot structures [7, 8] , it is now possible to create a microwave photon-based interface between superconducting and semiconducting qubits mediated by a joint coupling resonator. A similar strategy has been explored in hybrid structures interfacing a transmon qubit with excitations of a spin-ensemble of NV centers in diamonds [27] [28] [29] and of collective spins (magnons) in ferromagnets [30] [31] [32] . Furthermore, direct coupling between a superconducting flux qubit and an electron spin ensemble in diamond was investigated [33] . In these works the strong coupling regime was achieved with ensembles, for which the coupling strength scales with the square root of the number of two-level systems interacting with the resonator mode.
Here, we explore the coupling of the charge degree of freedom of a single electron confined in a double quantum dot (DQD) to a superconducting transmon qubit in the circuit QED architecture [6] . To perform our experiments, we integrate four different quantum systems into a single device: a semiconductor DQD charge qubit, a superconducting qubit, and two superconducting resonators [see Fig. 1(a) ]. One resonator acts as a quantum bus between the superconducting and the semiconductor qubits and the other one as a readout resonator for the superconducting qubit. In this way, the functionality for qubit readout and coupling is implemented using two independent resonators at different frequencies, allowing for more flexibility in the choice of coupling parameters and reducing unwanted dephasing due to residual resonator photon population [34] . A simplified circuit diagram of the device is shown in Fig. 1(f) . The superconducting qubit is of transmon type and consists of a single superconducting aluminum (Al) island shunted to ground via a SQUID (orange in Fig. 1 ). The transmon charging and Josephson energies are E c /h ∼ 243 MHz and E 0 J /h ∼ 30 GHz, respectively (see Methods for more information). The transition frequency ω tr between its ground state |g and excited state |e is adjusted by using the magnetic flux generated in the transmon SQUID loop by a flux line (purple in Fig. 1 ). We read out the state of the transmon qubit with a 50 Ω coplanar waveguide resonator (dark blue in Fig. 1 ) capacitively coupled to the qubit [6, 35] . The DQD charge qubit [ Fig. 1(d) ], schematically indicated by the 2 light blue dots in Fig. 1(f) , is defined by standard depletion gate technology using Al top gates on a GaAs/AlGaAs heterostructure that hosts a two-dimensional electron gas (2DEG) [7, 24, 36] . The DQD is tuned to the few-electron regime and its excitation energy is given by ω DQD = 4t 2 c + δ 2 , with the inter-dot tunnel rate t c and the DQD energy detuning δ.
We use a superconducting high-impedance resonator for mediating interactions between the transmon and the DQD [7] . The resonator is composed of an array of 35 SQUIDs [ Fig. 1(b) ] and is capacitively coupled to both transmon and DQD charge qubits [see Fig. 1(b,f) ]. It is grounded at one end and terminated in a small island at the other end to which a single coplanar drive line is capacitively coupled [green in Fig. 1(b,c) ]. A gate line extends from the island and forms one of the plunger gates of the DQD [in red in Fig. 1(d) ] [7, 36] . The high impedance of the resonator increases the strength of the vacuum fluctuations of electric field, enhancing the coupling strength of the individual qubits to the resonator (see Methods for more information).
We characterize the hybrid circuit by measuring the amplitude and phase change of the reflection coefficient of a coherent tone at frequency ω p reflected from the multiplexed resonators (the microwave setup is presented in Extended Data Fig. 1 ). The response changes with the potentials applied to the gate electrodes forming the DQD and the magnetic flux applied to the transmon. By varying the DQD detuning δ and the transmon flux Φ tr , each qubit is individually tuned into resonance with the high-impedance resonator. The coupling strengths measured between the SQUID array resonator and the DQD charge qubit and the transmon qubit are 2g DQD,Sq /2π ∼ 66 MHz (at ω r,Sq /2π = 4.089 GHz) and 2g tr,Sq /2π ∼ 451 MHz (at ω r,Sq /2π = 5.18 GHz), respectively, for more details see Methods and Extended Data Fig. 3 . For the same configuration, we extract the linewidth of the qubits spectroscopically [7, 34] and find δω DQD /2π ∼ 3 MHz and δω tr /2π ∼ 0.8 MHz. Both subsystems individually are in the strong coupling regime (2g > κ/2 + γ 2 ) with a SQUID array resonator linewidth of κ/2π = (κ ext + κ int )/2π ∼ (3 + 5) MHz.
To demonstrate the coherent coupling between the transmon qubit and the DQD charge qubit, we first characterize the configuration with the three systems interacting resonantly with each other (see Fig. 2 ). We tune the SQUID , we obtain the states |1 and |2 , leading to the avoided crossing indicated by the green dashed box in Fig. 2(b) . Similarly, when the DQD excitation energy is equal to the energy of the higher transmon-SQUID array Rabi mode, |+ , the hybrid system develops two avoided crossings at the respective detunings δ in the spectrum [see blue dashed box in Fig. 2(b) ]. The observed spectrum resulting from the hybridization of the three quantum systems is in good agreement with our calculation (see 'System Hamiltonian' section in Methods) [red dots in Fig. 2(b) ].
Next, we discuss the virtual photon-mediated coherent interaction between the DQD and the transmon qubit. This is realized in the dispersive regime, where both qubit frequencies are detuned from the high-impedance resonator. In this regime, no energy is exchanged between the qubits and the resonator, and the strength of the effective coherent interaction between the two qubits is given by 2J ∼ g tr,Sq g DQD,Sq /(1/|∆ tr | + 1/|∆ DQD |) [13, 14] . We spectroscopically explore this qubit-qubit coupling by applying a probe tone at frequency ω p /2π = 6.55 GHz to the transmon readout resonator. The reflectance of the probe tone from the 50 Ω resonator is measured while a microwave spectroscopy tone of frequency ω s is swept across the transmon transition frequency to probe its excitation spectrum [34] .
To observe the coherent DQD-transmon coupling, we either tune δ to bring the DQD into resonance with the transmon [see Fig. 3(b) ] or tune Φ tr to bring the transmon into resonance with the DQD [see Fig. 3(c) ]. In either case, when the qubit frequencies are in resonance, as depicted in Fig. 3(a) , a clear avoided crossing of magnitude 2J/2π ∼ 21 MHz, larger than the combined linewidth of the coupled system (γ DQD + γ tr )/2π ∼ 4 MHz, is observed [ Figs. 3(b,c) ]. The observed resonance frequencies are in good agreement with our simulation [red dots in Fig. 3(b,c) ] for the explored configuration characterized by |∆ DQD | ∼ 10g DQD,Sq , |∆ tr | ∼ 3g tr,Sq . The well-resolved DQD-transmon avoided crossing demonstrates that the high-impedance resonator mediates the coupling between the semiconductor and the superconductor qubit.
We demonstrate virtual-photon mediated coherent population transfer between the transmon and DQD charge qubits in time-resolved measurements. We induce the exchange coupling by keeping the DQD and SQUID array cavity frequencies fixed at ω DQD (δ = 0)/2π = 3.66 GHz and ω r,Sq /2π = 4.06 GHz, respectively, and varying the transmon frequency non adiabatically [12, 13] using the pulse protocol illustrated in the inset of Fig. 3(e) . Initially, both qubits are in their ground state and the effective coupling between them is negligible, due to the large difference between their excitation frequencies. Next, we apply a π-pulse to the transmon qubit to prepare it in its excited state. Then, a non-adiabatic current pulse, applied to the flux line, changes the flux Φ tr and tunes the transmon into resonance with the DQD charge qubit for a time ∆τ , which we vary between 0 and 250 ns. After the completion of the flux pulse controlling the interaction, the state of the transmon is measured through its dispersive interaction with the 50 Ω CPW resonator. We observe coherent oscillations of the transmon excited state population as a function of the interaction time ∆τ [see Figs. 3(d,e) ]. The frequency of these oscillations, Fig. 3(d) , is determined by the interaction strength J(|∆ tr |, |∆ DQD |). As a result, we observe the characteristic chevron pattern in the transmon qubit population in dependence on the flux pulse amplitude and length [see Fig. 3(d) ] [12] .
A trace of the population oscillation pattern at fixed pulse amplitude A/A 0 ∼ 0.6, approximately realizing the DQDtransmon resonance condition (ω tr /2π = ω DQD /2π = 3.66 GHz), is in excellent agreement with the Markovian master equation simulation [see the red line in Fig. 3(e) and Methods for more information]. The simulations are performed within the dispersive approximation in which the qubits interact with rate 2J/2π = 21.6 MHz, via an exchange interaction consistent with the spectroscopically measured energy splitting 2J/2π ∼ 21 MHz [ Fig. 3(b-e)] .
In this work, we realized an interface between semiconductor-and superconductor-based qubits by ex- changing virtual photons between two distinct physical systems in a hybrid circuit QED architecture [37, 38] . The coherent interaction between the qubits is witnessed both by measurements of well-resolved spectroscopic level splitting and by time-resolved population oscillations. The interaction can be enabled both electrically via the quantum dot and magnetically via the transmon qubit. The resonator mediated coupling also provides for non-local coupling to the semiconductor qubit, demonstrated here over distances of more than 50 µm. We expect the approach demonstrated here for the charge degree of freedom of the semiconductor qubit to be transferable to the spin degree of freedom and also to other material systems such as Si or SiGe [9] [10] [11] . In this way, the coupling to electron spin or even nuclear spin qubits may provide an avenue for realizing a spin based quantum memory, which can be interfaced to other solid state qubits, including superconducting ones. In addition, the combination of short distance coupling and control in semiconductor qubits with long-distance coupling through microwave resonators provided by circuit QED may indicate a viable solution to the wiring and coupling challenge in semiconductor qubits [39] and may be essential for realizing error correction in these systems, for example by using the surface code [40] .
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METHODS

Device and measurement setup
The device is realized on a GaAs/Al x Ga 1−x As heterostructure. The 2DEG, embedded 90 nm below the surface at the interface of GaAs/Al x Ga 1−x As, has been removed by etching everywhere but in a small region hosting the DQD [see Figs. 1(a,b) ]. The gate structures that define the DQD confinement potential are realized using a combination of gold (Au) top gates for the coarse gate structures [yellow in Figs. 1(a-c)] , and aluminum (Al) for the fine gate structures [light gray in Figs. 1(a,b) ]. The tunnel junctions of the SQUIDs are formed by two Al electrodes separated by a thin oxide layer. They are fabricated using standard electron-beam lithography and shadow evaporation of 30 nm and 120 nm aluminum (with in-situ oxidation).
We characterize the hybrid circuit by measuring the amplitude and phase change of the reflection coefficient of a coherent tone reflected at frequency ω p off the multiplexed SQUID array and 50 Ω CPW resonators (see Extended Data  Fig. 1 ). The multiplexing of the two resonators is realized by cascading two circulators and connecting the reflection port of each resonator to a circulator (see Extended Data Fig. 1 ). The microwave tone is generated at room-temperature and is attenuated by -20 dB at the 4 K, 100 mK and 20 mK stages before passing through a circulator which routes it to the resonator and routes the reflected signal to the output line. In the output line the reflected signal is amplified using a cryogenic HEMT (+39 dB) at 4 K and by two amplifiers (+33 dB each) at room-temperature, before it is down converted to an intermediated frequency (IF) of 250 MHz. With +29 dB amplification the IF is acquired at 1Gs/s using an Acqiris U1084A PCIe 8-bit High-Speed Digitizer. The DC voltages are supplied to the gates by Yokogawa 7651 DC programmable sources with a 1:10 voltage divider also acting as a low pass filter (1 Hz cut-off). The source and drain of the DQD were grounded in the experiment. At base temperature, 2-stage RC filters with 160 kHz and 16 kHz cut-off are used at the input of shielded lines leading to the sample holder. A schematic of the complete setup with all important components is displayed in Extended Data Fig. 1 . The experiment is performed at a cryostat temperature of 30 mK.
System Hamiltonian
The coupled quantum system is described by the HamiltonianĤ tot =Ĥ DQD +Ĥ tr +Ĥ r, Sq +Ĥ r, 50 Ω +
+Ĥ DQD, Sq +Ĥ tr, Sq +Ĥ tr, 50 Ω , 
with = 1, andâ Sq ,b andσ − DQD are the annihilation operator for the excitations of the SQUID array, 50 Ω resonator and lowering operator of the DQD qubit, respectively. ω r,Sq and ω r,50Ω are the resonance frequency of the SQUID array and of 50 Ω CPW resonator, respectively. The DQD charge qubit energy is given by ω DQD = 4t 2 c + δ 2 , where t c and δ are the inter-dot tunnel rate and DQD energy detuning, respectively. ω i,tr (Φ tr ) and |i are the frequency and state of the i-level of the transmon, respectively. n i,j = i|n|j are the Cooper pair number matrix elements, and n tr is the number of levels forming the transmon qubit (in our model n tr = 4) [41] .
The coupling strengths between the transmon-SQUID array, transmon-50Ω resonator, and DQD-SQUID array are indicated with g tr,Sq (Φ Sq , Φ tr ), g tr,50Ω (Φ tr ) and g DQD,Sq (Φ Sq , t c , δ), where Φ Sq and Φ tr are the external magnetic fluxes through the SQUID loops of the resonator array (assumed uniformly threaded) and transmon, respectively. L(Φ Sq )/C is the SQUID array impedance. g 0 DQD,Sq is obtained by fitting the vacuum Rabi splitting data presented in Extended Data Fig. 3 with the other parameters fixed.
We calculate the spectrum of the DQD-SQUID arraytransmon system by numerical diagonalization of the Hamiltonian (1) using parameters extracted from independent spectroscopy measurements. The parameters used to obtain theory points in Fig. 2 and Fig. 3 Fig. 2(b) .
Interaction between the transmon qubit and the SQUID array and 50 Ω resonators
We analyse the flux dependence of the system transition frequencies to fix the parameters ω Fig. 3(b Fig. 3(c) .
measuring the reflectance of the multiplexed SQUID array and redout resonator as a function of SQUID array flux Φ Sq , with the DQD far detuned from the SQUID array resonator (Extended Data Fig. 2 ). The blue dots in Extended Data Fig. 2(b) are experimentally extracted resonance frequencies from Extended Data Fig. 2(a) and the red dots are the eigenvalues of the calculated system Hamiltonian (1) . From the fit we extract the parameters: ω pl,tr /2π = 6.550 GHz, ω We note that the transmon and 50 Ω resonator are well described by the model for all values of applied flux Φ Sq . The dependence of the SQUID array resonant frequency from Φ Sq is well captured for −0.3 ≤ Φ Sq /Φ 0 ≤ 0.3. However, for |Φ Sq | > 0.3 × Φ 0 the lumped element description fails to describe the the SQUID array cavity properties accurately. One reason might be due to non-linearity of the Josephson junctions forming the SQUID array resonator, or to inhomogeneity in the magnetic flux threading the SQUIDs of the array. The parameters of the 50 Ω resonator and transmon are kept fixed for all the other fits. We adjust only parameters related to the SQUID array and DQD, according to the expressions in Eqs. (8) , (10) , (15)- (17) .
Coherent coupling of DQD to SQUID array and transmon to SQUID array
To quantify the coupling strength between the SQUID array resonator and the DQD, we first fix the transmon resonance frequency ω tr /2π < 2 GHz, the SQUID array resonance frequency ω r,Sq /2π = 4.089 GHz and adjust the tun-
